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Summary 

Frequency  and  phase  noise i n   q u a r t z   c r y -  

s ta l   resonators   a re   s tud ied  as a f u n c t i o n   o f   t h e  

d r i v i n g  power. A t  low  power,   where  the  crystal  

behaves l i n e a r l y ,  l / f  f l u c t u a t i o n s   o f   t h e   r e s o n -  

ance  freuqency  are  observed. A t  medium power  the 

n o n l i n e a r i t i e s  o f  t h e   c r y s t a l   s i g n i f i c a n t l y  

' increase  the phase f l u c t u a t i o n s   a t   l o w   F o u r i e r  

f requencies.  A t  h igh  power,   thermal   instab i l -  

i t i e s  and chaot ic   behav io r   occur   charac ter ized  

by   the   genera t ion   o f   h igh   leve l   wh i te   no ise .  

I n t r o d u c t i o n  

The s h o r t  and medium term  f requency  s tab i l -  

i t i e s  o f  q u a r t z   c r y s t a l   o s c i  1 l a t o r s   a r e  1 i m i t e d  

by   add i t i ve  and parametr ic  noises o f  the   e lec-  

t r o n i c s  and by   pa ramet r i c   no i se   o f   t he   qua r t z  

r e s o n a t o r . '   I n  an o s c i l l a t o r  it i s   n o t  always 

p o s s i b l e   t o   d i s t i n g u i s h  be tween  these  d i f fe ren t  

c o n t r i b u t i o n s  and thereby  determine  the  leve l  o f  

' f r e q u e n c y   f l u c t u a t i o n s   o f  the  resonator .  A 

s i g n i f i c a n t  advance i n   s o l v i n g   t h i s   p r o b l e m  came 

w i t h   t h e   i n t r o d u c t i o n  o f  a new technique t o   t e s t  

q u a r t z   c r y s t a l s   i n d e p e n d e n t l y   o f   t h e   o s c i l l a t o r  

e lec t ron ics .   Th is   enab led  measurements o f  

f l i c k e r  and  random walk  frequency  noises o f  

v a r i o u s   p a i r s   o f   c r y s t a l s   a t   d i f f e r e n t   f r e q u e n -  

c i e s  and o f   d i f f e r e n t   rigi ins.''^ A second 

advance  on t h e  same problem came with t h e   i n t r o -  
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d u c t i o n   o f   t h e   c o n c e p t   o f  a dual   crystal   system, 

i n  which a q u a r t z   o s c i l l a t o r   w i t h  good spec t ra l  

p u r i t y   i s  phase  locked t o  a pass ive   quar tz  

resona to r .4   I n   t h i s   app roach ,   t he   f requency  

s t a b i l i t y   i n  medium and long  term i s  dominated 

by  the  pass ive  quar tz   resonator   and hence i t s  

s t a b i l i t y  becomes observable. Such measurement 

systems  can  be  used f o r  compar ing  quar tz   crysta l  

i n s t a b i l i t i e s  and f o r   t r y i n g   t o   u n d e r s t a n d   t h e  

o r i g i n s  and t h e  mechanisms of   these  f requency 

f l u c t u a t i o n s .  

The p rev ious   measurement^^'^ have shown 

that  the  resonance  f requency o f  quartz  resona- 

t o r s   e x h i b i t s   f l i c k e r  ( l / f )  f l u c t u a t i o n s  and 

random walk  ( l / f  ) f l u c t u a t i o n s .  Random walk  

f requency  noise has  been shown t o  be c o r r e l a t e d  

t o  tempera tu re   f l uc tua t i ons .  3 '  The mechanisms 

c o n t r i b u t i n g   t o   t h e   g e n e r a t i o n   o f  l / f  no ise   a re  

no t   we l l   unders tood  ye t .  

2 

When t h e   r e s o n a t o r   i s   e x c i t e d   a t  a moder- 

a t e l y   h i g h   d r i v e   l e v e l  a la rge   inc rease o f  t he  

no ise   leve l   i s   observed  a t   low  Four ie r   f requen-  

c i e s .  It will be shown t h a t   t h i s  excess  noise 

i s  due t o  t h e   n o n l i n e a r i t i e s   o f   t h e   c r y s t a l .  A t  

ve ry   h igh   d r i ve   l eve l s ,   t he   resona to r   can   exh ib i t  

chao t i c   behav io r   p roduc ing   h igh   l eve l   wh i te  

no ise.  
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Measurements a t  Low Power 

The measurement  system, p resented   fo r   the  

f i r s t   t i m e   i n   r e f .  2, will be b r i e f l y   d e s c r i b e d .  

As schemat i ca l l y  shown i n   F i g .  1, t w o   i d e n t i c a l  

resonators   (o r  t w o  t h a t   a d j u s t e d   t o  be  near ly  

i d e n t i c a l )   a r e   d r i v e n   a t   t h e i r   r e s o n a n c e   f r e q u e n -  

cy  by a f requency  source  wi th   h igh  spect ra l  

p u r i t y .  When the   two   resona to rs   a re   a t   t he  same 

f requency  ( f requencies  are  tuned  wi th   ad justable 

capac i to rs )  and w i th   equa l   Q- fac to rs   (Q- fac to rs  

a r e   b a l a n c e d   w i t h   a d d i t i o n a l   r e s i s t o r s ) ,   t h e  

f requency   f l uc tua t i ons   o f   t he   sou rce   a re   re jec ted  

by 50 t o  60 dB.  The double  balanced  mixer (DBM) 

operated a t   i t s  quadrature  po int   by means o f   t h e  

90° phase s h i f t e r   d e t e c t s   t h e  phase f l u c t u a t i o n s  

de induced  by  the  f requency  f luc tuat ions  o f   each 

r e s o n a t o r ,   f o l l o w i n g   t h e   r e l a t i o n  

where Q i s   t h e   r e s o n a t o r   l o a d e d   Q - f a c t o r  and 

dwl(dw2) i s   t h e   i n s t a n t a n e o u s   f r e q u e n c y   d i f f e r -  

ence o f   t h e  resonance  frequency o f   r e s o n a t o r  1 

(2)   f rom  the   d r iv ing   f requency  wo. Equation (1) 
i s  v a l i d   f o r   F o u r i e r   f r e q u e n c i e s   w i t h i n   t h e  

resonator 's  bandwidth  and f o r  low  dr ive  powers 

( t y p i c a l l y  10 pW were  used).  Outside  this 

bandwidth it must be c o r r e c t e d   t o   t a k e   i n t o  

a c c o u n t   t h e   f i l t e r i n g   e f f e c t  o f  the  resonators .  

The m i x e r   o u t p u t   i s   a m p l i f i e d  and  processed  by a 
spec t rum  ana lyzer ,   y ie ld ing   the   power   spec t ra l  

d e n s i t y  S v ( f )  o f   t he   ou tpu t   vo l tage   no i se .   Th i s  

i s   r e l a t e d   t o   t h e   f r e q u e n c y   s p e c t r u m   o f   t h e  

resonator  S (f), 
Y O  

where I.( i s   t h e   m i x e r   s e n s i t i v i t y ,  and G i s   t h e  

low  no ise   ampl i f ie r   ga in .  The corresponding 

resonance  f requency  f luctuat ions o f  the  resona- 

t o r s   a r e  deduced  from r e l a t i o n  (1) ( a g a i n   f o r  

F o u r i e r   f r e q u e n c i e s   w i t h i n   t h e   r e s o n a t o r ' s  

bandwidth). Each r e s o n a t o r   c o n t r i b u t e s   t o   t h e  

t o t a l   n o i s e ,   w h i c h   i s  measured. I f  the  two 

resona to rs   a re   i den t i ca l   t he   no i se   amp l i t ude   o f  

each o f  them i s  ob ta ined  by   d iv id ing   by  42.  

Great  care  must  be  taken  to  minimize  the 

spur ious   in f luence  o f   tempera ture  changes. The 

measurements repo r ted   be l  ow were ob ta ined  us ing  

a d i g i t a l l y   c o n t r o l l e d  oven. Temperature was 

measured w i t h  a LC-cut  quartz  sensor. The 

temperature  control   loop  had a K reso lu -  

t i o n .   A d d i t i o n a l   t h e r m a l   f i l t e r i n g ,   w i t h   c o p p e r  

mass and  thermal   d iscont inu i t ies ,   reduced  the  

res idua l   t empera tu re   f l uc tua t i ons  o f  t he   c ry -  

s t a l s  under t e s t  down t o  a few pK over a few 

sec.6 The two  resonators were i n   t h e  same oven 

and   t he rma l l y   coup led   i n   o rde r   t o   reduce  random 

f requency  walk   no ise.   Th is  does n o t   p e r t u r b  l / f  

noise measurements,  because l / f  noise i s   n o t  

co r re la ted   w i th   t empera tu re  f 1 u c t u a t i  ons. ' 
Over a day ,   t empera tu re   s tab i l i t y  was o f  t he  

o r d e r   o f  K. The resonators   genera l l y  

were  operated a t   t h e i r   t u r n - o v e r   t e m p e r a t u r e .  

Th is  measurement system was used t o   t e s t  5 MHz, 

10 MHz, and  2.5 MHz resonators. 

1) 5 MHz resonators .   S ix   AT-cu t   c rys ta ls  

( f i f t h  overtone)  were  studied. Two were commer- 

c i a l  EVA7 resonators  and  four  were  standard 

commerc ia l   h igh   qua l i t y   resonators .  A t y p i c a l  

spec t rum  (pa i r  o f  BVA c r y s t a l s )   i s  shown i n   F i g .  

2. The noise i s   e s s e n t i a l l y  l / f  frequency 

noise. The l / f  n o i s e   i s  due t o   t h e   f i l t e r i n g  

e f f e c t   o f   t h e   r e s o n a t o r ;   t h i s   o c c u r s   a t   i t s   h a l f  

bandwidth. F o r  t h r e e   p a i r s   o f   r e s o n a t o r s   t h e  

f requency  noise,  S ( f) ,  measured 1 Hz f r o m  the 

c a r r i e r  was equa l   t o   2 .5~1O- '~ /JHz ,   2 .5~10-~~ /JHz  

and  3.1O-l3/JHz. The raw data  were  d iv ided by 

42 under  the  assumption  that   the  noise  of   each 

r e s o n a t o r   i n  a g i v e n   p a i r  was i d e n t i c a l .  Ob- 

v i o u s l y   b y   d o i n g   a l l   p o s s i b l e   p a i r s  one  can 

o b t a i n  a more accurate  value  for   each  resonator 

independent o f  t h i s  assumption. All these 

resonators  had  unloaded  Q-factors i n   t h e  range 

2. 5x106 < Q, < 2. 7x106. 

2) 10 MHz resonators. Two kinds  were  measured: 

AT-cut  and  BT-cut  crystals. B o t h  were t h i r d  

ove r tone   resona to rs ,   bu t   w i th   ve ry   d i f f e ren t  

Q - f a c t o r s ,   t y p i c a l l y  3. l o 5  f o r  AT-cut  and  1.7 

lo6 for   BT-cut .   BT-cut   crysta ls  have much 

h ighe r   Q- fac to rs   because   t h i s   c rys ta l l og raph ic  

o r i e n t a t i o n  has l ower   i n te rna l   l osses   f o r   t he  

th ickness-shear  mode.' Noise  spect ra  are shown 

3 
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i n   F i g .  2 .  A l a r g e   d i f f e r e n c e  i n  t h e   n o i s e  

l e v e l s   c a n   b e   o b s e r v e d   b e t w e e n   t h e  AT and BT 

c u t s .  A t  1 Hz f r o m   t h e   c a r r i e r   t h e s e   l e v e l s   a r e  

o f   t h e   o r d e r   o f   7 ~ 1 0 - ' ~ / J H z   f o r   t h e  BT r e s o n a t o r s  

t o  3.2xlO-'l/JHz f o r   t h e  AT r e s o n a t o r s .  These 

r e s u l t s  show a s t rong  dependence  between  the l / f  

n o i s e   l e v e l   a n d   Q - f a c t o r .  

3 )   2 .5  MHz r e s o n a t o r s .  Two p a i r s  o f  f i f t h  over -  

t one ,   AT-cu t   resona to rs   were   t es ted   w i th   un -  

l o a d e d   Q - f a c t o r s   c l o s e   t o   4 x 1 0  . A l though   these  

p a i r s   h a d   a l m o s t   t h e  same Q - f a c t o r s ,   t h e   n o i s e  

l e v e l s   d i f f e r e d  by   a lmost   one  o rder   o f   magn i -  

6 

t ude .  The p r e s e n c e   o f  l/fL n o i s e  i n  t h e   s p e c t r a  

o f  S ( f )  i n d i c a t e s   t h a t   t h e   s e n s i t i v i t y   t o  

t e m p e r a t u r e   f l u c t u a t i o n s   a r e   v e r y   l a r g e   f o r   t h i s  

t y p e   o f   r e s o n a t o r .  The l / f  noise  power 1 Hz 

f r o m   t h e   c a r r i e r ,   e v a l u a t e d   f o r   e a c h   i n d i v i d u a l  

c r y s t a l ,  was p l o t t e d   a s  a f u n c t i o n   o f   t h e  un- 

l o a d e d   Q - f a c t o r s   i n   F i g .  3. A l i n e a r   r e g r e s s i o n  

among t h e s e   e x p e r i m e n t a l   p o i n t s   g i v e s  

y o  

These r e s u l t s   a r e  a1 so  summarized i n   T a b l e  I. 

The d a t a  show a c l e a r   d e p e n d e n c e   o f  l / f  

n o i s e   o n   t h e   r e s o n a t o r ' s   u n l o a d e d   Q - f a c t o r s ,  

f o l l o w i n g  a 1/Q law. The o n l y   e x c e p t i o n   o c c u r s  

w i t h   t h e  2 . 5  MHz (#2) c r y s t a l s ,   w h i c h  show 

e x c e s s i v e   n o i s e   m o s t   l i k e l y  due t o   t h e r m a l  

t r a n s i e n t   e f f e c t s .  

4 

I f  t h e s e   c r y s t a l s   a r e   u s e d   i n   a n   o s c i  1 l a -  

t o r ,   t h e  l / f  spectrum will g i v e  a f l i c k e r   f l o o r  

i n   t i m e  domain,   whose  corresponding  va lues  are 

g i v e n   i n   T a b l e  I ,  a n d   w h i c h   c o r r e s p o n d s   t o   t h e  

b e s t   s t a b i  1 i t y  a c h i e v a b l e   i n   t h a t   c a s e   w i t h   a n  

o s c i  11 a t o r .  

Measurements a t  Medium  Power 

When t h e   d r i v e   l e v e l   o f   t h e   c r y s t a l   i s  

i nc reased  i t  e x h i b i t s   n o n l i n e a r   e f f e c t s  due 

m a i n l y  t o  t h e   h i g h e r   o r d e r   e l a s t i c   c o n s t a n t s .  

T h i s   i s   t h e  we1 1 known amp1 i t u d e   f r e q u e n c y  

e f f e c t   w h e r e   d i s t o r t i o n s   a p p e a r  i n  t h e   a m p l i t u d e  

and  phase  resonance  curves  and  even  hysteres is  

can  be  developed. 9 

The n o n l i n e a r   b e h a v i o r   o f  a r e s o n a t o r ,  

d r i v e n   i n   t r a n s m i s s i o n   c a n   b e   r e p r e s e n t e d   b y   t h e  

p h e n o m e n o l o g i c a l   r e l a t i o n ,  

d 2 i  co d i  
- + 2 - + W [l - ,?&(R) cos Qt] i(l + k i  ) 
d t 2  Q d t  

2 

= F cos cot, (4) 

where i i s   t h e   c u r r e n t   t h r o u g h   t h e   c r y s t a l ,  Q 

t h e   l o a d e d   Q - f a c t o r ,   a n d  F t h e   a m p l i t u d e   o f   t h e  

d r i v i n g   f o r c e .  k i s   t h e   n o n l i n e a r   c o e f f i c i e n t  

( r e l a t e d   t o   t h e   n e x t   h i g h e r   o r d e r   e l a s t i c   c o n -  

s t a n t s ) .  & ( R )  c o s R t   i n t r o d u c e s  a m o d u l a t i o n   o f  

t he   resonance   angu la r   f requency  coo, w h i c h   r e p r e -  

s e n t s   t h e   f r e q u e n c y   n o i s e   o f   t h e   r e s o n a t o r .  

S o l v i n g   t h i s   e q u a t i o n  w i th  a p e r t u r b a t i o n   m e t h o d  

g i v e s   t h e   p h a s e   n o i s e   o f   t h e   o u t p u t   s i g n a l .  

L e t  S (R) be   t he   f requency   no i se   spec t rum 

o f   t h e   c r y s t a l .  When d r i v i n g  it a t   l o w   p o w e r ,  

i n   t h e   t h e  1 i n e a r   r a n g e ,   t h e   c o r r e s p o n d i n g  

phase  spectrum i s   g i v e n   b y  

YO 

A t  medium l e v e l s ,  when t h e   r e s o n a t o r   i s   d r i v e n  

near   t he   j ump  f requency ,   t he  

becomes 

I Ihase  spect rum 

T h u s   t h e   r a t i o   b e t w e e n   t h e   p h a s e  
and  low  powers i s  

S (medium  power)  R2 + i 0 / 4 Q 2  

S ( low  power)  ,2 (R2+ u:/Q2) 
- 

9 

( 6 )  

n o i s e s   a t  medium 

T h i s   r a t i o  goes t o   u n i t y   f o r  R >> wo/Q and i s  

e q u a l   t o  w0/16Q2R2 f o r  R << w0/4Q. T h e r e f o r e  

t h e   i n d u c e d   p h a s e   n o i s e   f o r   t h e   l o w e r   F o u r i e r  

f requency  components  can  be  great ly   increased  by 

t h e   c r y s t a l   n o n l i n e a r i t i e s .  Such a n o i s e  was 

2 
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e x p e r i m e n t a l l y   o b s e r v e d  on a 5 MHz ( 5 t h   o v e r t o n e  

A T - c u t )   r e s o n a t o r   d r i v e n   a t   2 . 5  mW, as shown on 

F i g .  5. 

It s h o u l d   b e   n o t e d   t h a t   h i g h e r   d r i v e   l e v e l s  

were  once  considered  as a means t o  improve   t he  

( w h i t e   p h a s e   n o i s e )   s i g n a l / n o i s e   r a t i o   a n d  

t h e r e f o r e   t h e   s h o r t   t e r m   s t a b i  1 i t y  i n   o s c i  1 l a -  

t o r s .   H o w e v e r ,   o u r   r e s u l t s   i n d i c a t e   t h i s   i s   n o t  

i n   g e n e r a l  a p r a c t i c a l   s o l u t i o n   s i n c e   t h e  non- 

l i n e a r   r e s p o n s e   o f   t h e   r e s o n a t o r   i n c r e a s e s   t h e  

c l o s e  i n  n o i s e   a t   t h e  same t ime.  

Measurements a t   H i g h  Power 

F o r   s t i l l   h i g h e r   l e v e l s ,   q u a r t z   r e s o n a t o r s  

e x h i b i t   l a r g e   i n s t a b i l i t i e s .  Such  phenomena a r e  

known i n   n o n l i n e a r   s y s t e m s  as c h a o t i c   b e h a v i o r .  

Chaos has  been  observed i n  many d i f f e r e n t   s y -  

stems’’, f o r  example  phase  locked loops11  and 

Josephson   j unc t i ons  l2’I3 which   can   be   cons idered 

a s   l o w   Q - f a c t o r   r e s o n a t o r s .   T h e   m a i n   d i f f e r e n c e  

be tween   these   sys tems   and   qua r t z   c rys ta l   resona-  

t o r s  s t e m   f r o m   t h e   h i g h   Q - f a c t o r   a n d   t h e r m a l  

e f f e c t s ,   w h i c h   s t r o n g l y   m o d i f y   t h e   b e h a v i o r   o f  

t h e   c r y s t a l   a t   h i g h   p o w e r .  

The d i ss ipa ted   power   i nduces   l a rge   t empera -  

t u r e   r i s e s .   P o s i t i v e   o r   n e g a t i v e   f r e q u e n c y  

s h i f t s   f o l l o w   a c c o r d i n g   t o   t h e   s i g n   o f   t e m p e r a -  

t u r e   c o e f f i c i e n t   o f   t h e   r e s o n a t o r ,   i . e .   t o   t h e  

l o c a t i o n   o f   t h e   o p e r a t i n g   t e m p e r a t u r e   o n   t h e  

f r e q u e n c y - t e m p e r a t u r e   c h a r a c t e r i s t i c s .  

Near   room  tempera ture ,   the   tempera ture  

c o e f f i c i e n t   i s   n e g a t i v e   ( o f   t h e   o r d e r  - 4 Hz/K). 

A t e m p e r a t u r e   r i s e  w i  11 i nduce  a n e g a t i v e   f r e -  

quency s h i f t ,   w h i c h   c a n   b e   l a r g e   e n o u g h   t o   p u l l  

t h e   c r y s t a l  t o  t h e   f r e q u e n c y   w h e r e   t h e  down  jump 

phenomenon o c c u r s   ( F i g .  4) .  Thus t h e   a m p l i t u d e  

becomes  much  smal l e r   d e c r e a s i n g   t h e   d i s s i p a t e d  

power .   Tempera ture   there fore   decreases   caus ing  

t h e   f r e q u e n c y   t o   i n c r e a s e   u n t i l  it reaches   t he  

second  jump  and so on. T h i s   g i v e s  a c y c l i n g  

w i th  l a r g e   a m p l i t u d e   a n d   p h a s e   p e r t u r b a t i o n s ,  as 

shown i n   F i g .  6. T h i s  phenomenon occu rs  when 

t h e   a m p l i t u d e - f r e q u e n c y   e f f e c t   a n d  

t h e   t e m p e r a t u r e   c o e f f i c i e n t   h a v e   o p p o s i t e   s i g n s .  

Above t h e   t u r n - o v e r   t e m p e r a t u r e   t h e   s i g n   o f  

t h e   t e m p e r a t u r e   c o e f f i c i e n t  becomes p o s i t i v e .  

I n   t h i s  c a s e   t h e   t e m p e r a t u r e   r i s e s ,   i n d u c i n g  a 

p o s i t i v e   f r e q u e n c y   c h a n g e ,   w h i c h   c o r r e s p o n d s   t o  

a n   a d d i t i o n a l   a m p l i t u d e - f r e q u e n c y   e f f e c t .   T h i s  

i s   e q u i v a l e n t   t o   i n c r e a s i n g   t h e   n o n l i n e a r i t i e s  

o f   t h e   c r y s t a l .   F i g .  7 i l l u s t r a t e s   t h e   a m p l i -  

t u d e   r e s o n a n c e   c u r v e   o f  a 5 MHz (AT-cut,  f i f t h  

o v e r t o n e )   c r y s t a l   e x c i t e d   w i t h  a 7 V rms d r i v i n g  

s i g n a l .  As t h e   d r i v e   f r e q u e n c y   i n c r e a s e s   t h e  

c r y s t a l  g o e s   f r o m   s t a b l e   s t a t e   t o   c h a o t i c   s t a t e s .  

The t r a n s i t i o n   i s  sudden,  and no s e t  o f  cascad ing  

s u b h a r m o n i c   b i f u r c a t i o n s   i s   o b s e r v e d ,   a s  

would  be  the  case i n  low-Q  resonators .   The 

absence o f   s u b h a r m o n i c s   i s   e x p l a i n e d   b y   t h e   h i g h  

Q o f   t h e   q u a r t z   c r y s t a l ,   w h i c h   f i l t e r s   a l l   t h e  

s u b h a r m o n i c   f r e q u e n c i e s ,   w h i c h   a r e   o u t   o f   i t s  

l i n e w i d t h .  

The s i d e b a n d   f r e q u e n c y   n o i s e   o f   t h e   t r a n s -  

m i t t e d   s i g n a l  was measured i n  t h e  same cond i -  

t i o n s .   I n   F i g .  8 t h e   p o w e r   s p e c t r a l   d e n s i t y   o f  

f r e q u e n c y   f l u c t u a t i o n s  shows a f2 dependence 

v e r s u s   F o u r i e r   f r e q u e n c y .   T h i s   c o r r e s p o n d s   t o  a 

w h i t e   p h a s e   s p e c t r u m ,   c h a r a c t e r i s t i c  o f  t h e  

g e n e r a t i o n   o f   w h i t e   n o i s e   i n   t h e   c r y s t a l   r e s o n a -  

t o r   b y   t h e   c h a o t i c   b e h a v i o r   ( w h i t e   n o i s e  was 

a l s o   o b s e r v e d  i n  o t h e r   c h a o t i c   s y s t e m s .  10- 13 

The l e v e l   o f   t h i s   p h a s e   n o i s e   i s  S = -34 dB 

( rad2/Hz) ,   which i s  abou t  80 dB l a r g e r   t h a n   t h e  

p h a s e   n o i s e   l e v e l s  o f  F ig .   5 .  

Q 

Conc lus ion  

The n o i s e   b e h a v i o r   o f  a q u a r t z   c r y s t a l  

r e s o n a t o r   i s   s t r o n g l y   i n f l u e n c e d   b y   t h e   a m p l i -  

t u d e   o f   t h e   o s c i l l a t i o n  and   t he   co r respond ing  

non1 i n e a r i t i e s .  A t  low  power l / f  f requency  

n o i s e   i s   o b s e r v e d .  A t  medium  power t h e   n o n l i n -  

e a r   r e s p o n s e   c f   t h e   c r y s t a l   c a n   a m p l i f y   t h i s  

n o i s e   a n d   g i v e   l a r g e r   p h a s e   f l u c t u a t i o n s .  A t  

h i g h   p o w e r ,   t h e r m a l   e f f e c t s  become a n   a d d i t i o n a l  

s o u r c e   o f   i n s t a b i l i t y .  A t  s u f f i c i e n t l y   h i g h  

d r i v e   p o w e r   c h a o t i c   s t a t e s   t a k e   p l a c e   w h i c h  
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g e n e r a t e   v e r y   l a r g e   w h i t e   p h a s e   n o i s e .  The 

p r o b l e m   o f   c h a o s   i s   o f   m o s t   i n t e r e s t   h o w e v e r ,  

f r o m   t h e   b a s i c   p h y s i c s   p o i n t   o f   v i e w .  The 

t h e o r y   o f   c a s c a d i n g   b i f u r c a t i o n s   i s  a good 

e x p l a n a t i o n   o f  how a d e t e r m i n i s t i c   s y s t e m   c a n  

h a v e   s t o c h a s t i c   s o l u t i o n s   a l t h o u g h  it does  no t  

d i r e c t l y   a p p l y   i n   t h e   c a s e   o f   q u a r t z   c r y s t a l ,  

because o f   t h e   h i g h   Q - f a c t o r s .  
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resonator ‘ a 5  

‘e: yz 5 Hi2 
+ 2  R V A  5 m2 10 m2 10 M I 2  10 Mi2 10 WZ 10 F H Z  5 M l z  

crystal cut ET 81 f l T  A T  AT A I  A T  AT AT A T  

Q0 
1.9.106 1.8.106  1.5.106  3.10’ 2.5.1f16  2.4.106  2.7.106 2.6.106 4.106 &.lo6 

SY ( 1  Hz) 5.0.10-2s Z.10-24 2.6.10-24 6.5.10-22 1 . 1 I T 2 l  9.10-26 5.E.10-26 6.2.10-26  2.4.10-22 2.5.10-26 

- 
flicker floor 8.3.1O-l3 1 .7 .10 -12  1.9.10-12 5.0.10-11 3.7.10-I1 3.5.10-13 2.f l .10-13 2.9.10-l’ 1.5.10-L2  1.9.113-l~ 

Table I 

l/f nolse l e v e l   a t  l Hz r r m  t h e   c a r r l e r ,  and co r respond lnq   f l l cke r  floor, for t h e   d l f f e r e n t  samples 
(2.5 W I Z  * 2 c r y s t a l s  werP no t   taken  In to   account   In   the   l lnear   reqress lon  of f l q .  5 )  

c r y s t a l  1 phase s p e c t r u m  

c r y s t a l  2 
amplifier 

\ 
\ 

0.0, I 
I 1 l 

I 
0.1 1 10  

F o u r i e r  f r r g u e n c y  f (Hz) 

Fig.  2 The so l i d   cu rve  shows the  apparent 

f requency  noise  spectrm of 2.5  MHz, 5 MHz, and 

10 Wiz resonators. &t   Four ier   f requencies above 

the  hal f   bandwidth,   the  spectrum must be cor- 
r e c t e d   f a r   t h e   f i l t e r i n g   e f f e c t   o f   t h e   r e s o n a -  
t o r s   y i e l d i n g   t h e  dashed l i n e s .  
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1 

\ -' 

Y2 
\ , lOMH2 BT-cut 

10 
5 l 0  

6 10' 

M O A M D  0-FACTDR 

F ig .  3. l / f  no ise   leve l ,  measured a t  1 Hz from 

t h e   c a r r i e r  as a funct ion  of   the  unloaded  Q-fac- 

t o r   f o r   t he   d i f f e ren t   resona to rs   t es ted .  The 

measurement system noise i s   i n d i c a t e d  by 

I 1 > 
. l  1 10 

Fourier frequency f (Hz) 

Fig .  5 .  Frequency  noise  spectrum  of a 5 MHz 

d r i ven   a t   l ow  and medium power. 

F i g .  6 .  h p l i t u d e   p e r t u r b a t i o n  due t o  thermal 

e f f e c t s   a t   h i g h  power. 

A s t a b l e  

Fig.  4 .  Amplitude and phase  resonance  curves  of 

Quartz  resonators Fourler f requency f (Hz) . 
Fig. 7. Stable and unstable  s ta tes of a 5 MHz 

resona to r   d r i ven   a t   h igh  power. 
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F o u r i e r  f r e q u e n c y  f (Hz) 

F i g .  8. Frequency f luc tuat ions  of a resonator 

d r i v e n   a t  7 VRMS i l l u s t r a t i n g   t h e   c h a o t i c   s t a t e  

of t h e   c r y s t a l .  
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